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Abstract: By analyzing the three-dimensional digital model of a real carbon paper gas diffusion layer
(GDL) reconstructed by X-ray computed tomography (CT), it was found that fibers are not distributed
at any angle but within a certain range. The fiber orientation can be represented by fiber pitch (i.e., the
angle between a single fiber and the in-plane direction). The effect of fiber orientation on stochastic
reconstruction and transport properties (permeability) was investigated in this paper to find which
fiber pitch range can achieve a better GDL on fluid flow. First, the actual fiber pitch was measured by
analyzing SGL-24BA images obtained by X-ray CT. Also, seven different ranges of fiber pitch were
randomly chosen to reconstruct GDL. Then, the permeability of these digital models was calculated
using the Lattice Bolzmann Method (LBM) and discussed to obtain the fiber pitch range of the optimal
permeability. The results show that the mean fiber pitch of SGL-24BA is 2.40° and the individual
values are all less than 6°, also, the permeability of the through-plane direction increases gradually as
the range of fiber pitch increases, which can be used for the structural design of carbon paper GDL.

Keywords: carbon paper gas diffusion layer; fiber pitch; X-ray CT; stochastic reconstruction;
permeability

1. Introduction

With the growing shortage of energy and increasing environmental pollution, countries around
the world are paying more and more attention to new energy technologies. Fuel cells are widely used
as energy conversion devices with high energy density, high-energy conversion efficiency and low
environmental pollution. Among them, the proton exchange membrane fuel cell (PEMFC) has the
advantages of a low operating temperature, fast starting speed, long service life, modular installation
and convenient operation, thus, it is considered as one of the most promising alternative power sources
for electric vehicles, mobile devices and decentralized power stations. This new, efficient and clean
power generation system can be used in transportation, military, communications and other fields.
However, factors such as high cost, unsatisfactory durability, and complicated water management
severely restrict the large-scale commercialization of PEMFC. Therefore, more and more scholars have
begun to investigate these problems.

As one of the components of PEMFC, membrane electrode assembly (MEA) is usually composed
of a gas diffusion layer (GDL), catalyst layer (CL) and proton exchange membrane and constructed
by a hot-pressing process, which has a decisive influence on fuel cell performance. The GDL is a
key part of MEA, and is usually made of carbon paper or carbon cloth treated with a hydrophobic
agent (polytetrafluoroethylene PTFE) with a thickness of about 100400 um and a pore diameter of
about 10 um. It is used for supporting the catalyst layer, collecting current and providing a path for
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reactants and products, which helps the redistribution of reactant gas and product water between
the channel and catalyst layer. The characteristics of the porous medium directly affect the internal
material transfer process, and thus have a critical impact on the overall performance of PEMFC.

So far, many scholars have used flow simulation methods to study the characteristics of porous
media from a microscopic point to improve its pore structure and avoid the phenomenon of “flooding”
in cathodes. Among many steps, realizing the reconstruction of the real microstructure is a key
step. The two existing reconstruction methods are the image synthesis method and the stochastic
reconstruction method. The former method can obtain the real microstructure of GDL while the latter
has lower costs and higher ease of use.

The image synthesis method reconstruction technique uses X-ray computed tomography (X-ray
CT) [1,2], or focused ion beam (FIB) [2], or scanning electron microscopy (SEM) to obtain multiple
sheets of 2D images. Of these, X-ray CT scans the material three-dimensionally, and FIB/SEM scans
the surface of thinned materials obtained by milling and then, processes and integrates all the 2D
images to obtain the 3D microscopic geometry of the material. The advantage of this method is that
the micro-geometry obtained is more realistic, but the cost is higher and it is limited by the spatial
resolution of the image technology and the resolving power of each phase.

At present, the resolution of X-ray CT has reached micro, even nano-scale. The micron-scale X-ray
CT can recognize the pore structure inside the GDL and is not affected by the addition of a hydrophobic
agent (PTFE) and binder or under different clamping forces. Therefore, micron-scale X-ray CT is widely
used in the reconstruction of GDL without a micro porous layer (MPL). The pore structure of MPL
can be obtained by nanoscale X-ray CT. Since this technology was only developed in the past two
years, there are not many application examples. The resolution of FIB/SEM is smaller, but the fiber
structure obtained by this method is discontinuous, so this method is rarely used to reconstruct GDL.
In summary, we used X-ray CT technology to carry out three-dimensional reconstruction of carbon
paper GDL.

There have been many previous papers that have reported the 3D reconstruction of GDL using
the X-ray method [3-10]. For example, Koido et al. [4] obtained carbon paper GDL (Toray TGP-H-060)
by microfocal X-ray CT using a thinning algorithm of an image processing technique to extract the
connectivity number for constructing the pore network. Then, three key steps for GDL reconstruction
were proposed by Rama et al. [7]: progressive acquiring of 2D images via X-ray tomography, processing
of acquired images, and reconstructing the 3D digital mode. They simulated the single-phase air flow
though the GDL to calculate the absolute permeability of 14 regions by introducing 3D binary mesh into
the LB model, which was converted from shadow images obtained by X-ray micro/nano-tomography.
GDL can be performed by X-ray CT even when it is under compression, as was proved by Inoue et al. [3].
Moreover, Rama et al. presented a 3D morphological model of a carbon cloth GDL by using the
three main steps mentioned above [8]. In another study, they investigated the compression effect on
the transport properties of carbon cloth [5] via applying X-ray micro-tomography with four main
steps: preparation of the sample, acquisition of 2D shadow images, processing the acquired images,
and reconstructing the 3D digital model. In their reconstructed GDL, which consists of fibers with
binder, void space even water was presented by X-ray CT for investigating transport porosities
in [3,9]. The effects of image resolution of carbon paper GDL on gas permeability were investigated by
Jinuntuya et al. [10]. In [11], to obtain the complete GDL with MPL, they obtained the MPL structure
by a nano-scale X-ray CT and the combined GDL-MPL structure by using micro X-ray CT.

The stochastic reconstruction method [12-14] generates a virtual model by using a random number
generator, statistical information of the constituent materials, and setting a series of rules. By studying
the 2D images of the cross-section of the material obtained by SEM, the geometrical distribution
statistics of the fiber, such as porosity, fiber diameter, etc., can be obtained. These parameters are input
to construct the 3D model by stochastic algorithm. The advantage of this method is that it has lower
costs and is easy to implement, however, it only approximates the real micro-pore structure and the
simulation results will deviate.
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There are two main methods for stochastic reconstruction:

(1) arbitrarily place cylindrical fibers in a three-dimensional space [12]
(2) arbitrarily place a cylindrical shape in a horizontal plane to obtain a single-layer fiber structure
and then stack to multiple layers [13,14].

The first method is to ensure that the overall porosity is constant, while the porosity of each layer
in the second method is constant. The randomly reconstructed carbon paper obtained in this paper is
based on the former method.

Fiber pitch is a parameter that describes the anisotropy of GDL, which is defined by the angle the
fiber makes with the in-plane direction of the GDL material according to Hinebaugh et al. [15]. Their
paper also reported the 3D orientation of fibers by measuring the nano-CT image of Toray TGP-H 090
0 wt% PTFE to be used as an input to the stochastic method. The work [16] of Fishman et al. showed
through observation that the orientation of carbon fiber is largely coplanar to the GDL. So, most models
have used zero pitch to reconstruct single fibers [13,17-19], and others have used distributions of small
pitch values to fine-tune GDL anisotropy [12,20].

This paper discusses the influence of the fiber orientation (fiber pitch) of carbon paper GDL on
stochastic reconstruction and permeability. First, the true GDL of SGL-24BA images were obtained by
X-ray CT to measure the fiber pitch. Then, the reconstruction of carbon paper GDL was realized by the
stochastic method. Finally, seven different ranges of fiber pitch were chosen randomly to reconstruct
GDL and the permeability of these digital models were calculated using the LBM to get the fiber pitch
range of the optimal permeability.

2. Reconstruction of Carbon Paper GDL by X-ray CT

The process of three-dimensional reconstruction of carbon paper by X-ray CT technology [7]
mainly includes:

(1) Image acquisition: take two-dimensional projection images of carbon paper by X-ray CT.

(2) Image processing: get two-dimensional slice image of carbon paper by image processing software.

(3) Three-dimensional reconstruction: combine two-dimensional images to obtain a microscopic
three-dimensional digital model of carbon paper.

The process of software and carbon paper 3D reconstruction used in this article will be described
in detail below.

2.1. Sample Selection

GDL24BA, an improved new grade from the SGL group, was selected for testing because of the
clear classification of its material structure compared to products from other companies. It has been
applied in portable power and automobiles. It is hydrophobized substrate with a 5 wt% PTFE loading.
Its other properties are shown in Table 1.

Table 1. Properties of SIG GDL24BA and X-ray CT results.

Property Unit GDL 24BA X-ray CT Results
Thickness pm 190 198.9
Areal Weight g/m? 54 -
Porosity Y% 84 83
Air Permeability cm3/(cm?-s) 60 -
Electrical Resistance (through plane) mQ)/cm? <10 -

In the column of X-ray CT results, the thickness refers to the width of the 2D rectangle image after
cropping and rotating, so there is a difference compared with the actual thickness. The average porosity
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of all reconstruction slices at 100% scale is 83%. In this paper, the X-ray CT results were reconstructed
to measure the actual fiber pitch of GDL, so there was no need to distinguish the fibers and the PTFE.

2.2. 2D Image Acquisition

Schematics of the BLI3W1 in Figure 1 show how X-ray tomography works to get projections of
samples. A sample is fixed on the sample holder in the front of a synchrotron beam and behind the
detector. Rotating step by step, the projection images (called shadow images in [7]) are generated
by X-ray detector. In this paper, the 2D shadow images of GDL sample were obtained by X-ray
tomography using the BLI3W1 beamline at the Shanghai Synchrotron Radiation Facility (SSRF) with
12 keV of energy and a distance of 11.5 cm between the microscope with a 10X eyepiece and the sample
center. The exposure time was 5 s per shot. According to the experimental requirements, to get a
resolution of 0.65 pm per pixel, the maximum transverse size of the sample is 1.3312 mm. Therefore,
the carbon paper GDL sample was cut into a strip about 1 mm wide and placed in front of an X-ray
source for photography. Then, 720 slices of 2D shadow images were acquired with a resolution of
0.65 um per pixel under a rotation step of 0.5°. Furthermore, two flat-field images were collected at
a rotation of per 180° and 5 dark-filed images were obtained after rotating 360°, which are helpful
for image processing. Finally, 731 shadow images were acquired and prepared for reconstructing 2D
cross-sectional image slices.
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Figure 1. Schematics of the BLI3W1 beamline at SSRF (a) experimental station, (b) detailed schematic
diagram, and (c) photograph of the IL-XPCT system [21].

2.3. 2D Image Processing

In order to reconstruct 2D cross-sectional image slices, two softwares PITRE and PITRE_BM
were used for phase-sensitive X-ray image processing, tomography reconstruction and batch manager
based on the 2D shadow images with gray scale. There are four important steps: (a) phase retrieval;
(b) sinogram creation; (c) sinogram pre-processing and slice reconstruction; and (d) image conversion.
The input data is PPCT projections (i.e., 2D shadow images that we obtained during the step of 2D
image obtaining) and the final output data is shown as 8-bit grey level images. The detailed steps are
shown in Figure 2.
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Figure 2. The flow chart of 2D image processing.

According to the steps shown in Figure 2, the 2D images processing results are displayed in
Figure 3a—g. The output data are 2048 reconstruction image slices of 2048 x 2048 pixel with a resolution
of 0.65 pm per pixel obtained after processing by PITRE, where the threshold of image conversion was
selected manually. Then, every 2D carbon paper structure in 8-bit TIFF image was rotated into the
proper position and cropped using Image J. The final full image of 100% scale after 2D image processing
is showed in Figure 3g. Additionally, 300 slices in different scales were chosen for 3D reconstruction.

(a) (b) (©)

Figure 3. Cont.
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Figure 3. (a) The shadow images by X-ray tomography (i.e., PPCT projections); (b) images after
flat-field and dark-field correction; (c) the result after phase retrieval; (d) row profile of Figure 3d;
(e) reconstruction image slices obtained after the step of slice reconstruction; (f) the output data of 8bit
TIFF images; and (g) the final full image of 100% scale after 2D image processing.

2.4. 3D Reconstruction

The goal of 3D reconstruction is to get 3D binary images for pore simulation, which is achieved
by using the processing technologies of sequential images, image binarization processing and image
data extraction in Image ], and the powerful array arithmetic function of MATLAB. The 3D binary
images can be presented in a three-dimensional array. Similar to random complex porous structures,
the image slices shown in Figure 4 can be represented by a binary phase function with a unit value for
the solid matrix and a zero value on behalf of the pore space. Firstly, all values and positions of a solid
matrix can be gained through the image data extraction technology of Image J after pre-processing
by other technologies. Then, add the remaining positions to zero value to acquire 3D binary images
using the powerful array arithmetic function of MATLAB. Finally, we can see the three-dimensional
structure in Image J.

Figure 4. The 2D image slices and 3D structure of carbon paper GDL.

3. Reconstruction of Carbon Paper GDL by the Stochastic Method

Based on previously published papers, carbon paper GDLs consist of a large number of fibers,
which are randomly oriented and distributed along a laminated microstructure. The stochastic method
that we used in this paper randomly generated a number of fibers. In order to obtain a manageable
model, the following assumptions were employed in the generation.

(1)  The fibers are infinitely long compared to the sample size and with negligible curvature.
(2) The fibers are allowed to overlap with each other.

Giving the sample size, porosity and fiber diameter, the reconstruction of carbon paper was
achieved. The fibers can be generated through a simplified mathematical model of intersecting,
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infinitely long cylinders and stored in a 3D binary image with given voxels. A cylinder oriented along
an arbitrary axis is defined as the collection of points that span less than one radius from the axis of
the cylinder (show in Figure 5). The radius and shape distribution can be selected according to the
specifications provided by the carbon paper GDL manufacturers. The axis of the cylinder is uniquely
defined in Cartesian space by the orientation vector ;(ul, uy,u3) and a point Py(xg, Yo, zo) it passes
through. The distance s from the axis to an arbitrary point P(x, y, z) can be calculated from the modulus
of the cross product of 1 and the vector 7.

s = \/[”2(2 —20) = us(y — o)) + [us(x = x0) = w1 (z = 20)]* + [t1 (y = yo) — w2 (x = x0))* (1)

Figure 5. Cylindrical model of the fibers.

Therefore, an arbitrary point P(x, y,z) contained by the cylinder can be defined by u (1, 12, 13)
and Py (xo, yo,z0) only if s is less than R. Using this formulation, any cylinder in 3D Cartesian space is
well defined. Randomization of the collection of digital fibers is implemented with a pseudorandom
number generator for both the orientation vector u and the point Py (xg, 1o, z9). However, the generation
algorithm and the parameters used strongly influence the properties of the generated microstructure.

The most common generation algorithms are based on generating a random orientation vector
and a random point Py(x, o, z9) from a uniform distribution along the Cartesian space delimited by
the 3D sample size. This method is efficient and able to cover the entire spectra of possible axes that
may be defined in the mentioned space. However, such parametrization is not bijective and those
axes that cover more distance through the sample are more likely to be generated, which results in a
heterogeneous microstructure that is much more compact at its central region than at its edges.

To solve the problem, this paper used the following method to determine U= [uy; up; uz). Itis
represented by polar angle 0 and azimuth angle ¢

U = [singcos6; singsin®; cose) (2

where 0 is the angle between the projection of the unit vector on xoy plane and the x-axis, ¢ is the
angle between the unit vector and the z-axis. The polar angle 0 and the azimuth angle ¢ can bijectively
describe the direction of the fiber (shown in Figure 6a). When ¢ is randomly generated in the interval
of [0, 2], and O is randomly generated in the interval [0, 71/2], the fibers appearing in all directions can
be obtained.
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(a) (b) (c)

Figure 6. (a) The schematic of the unit vector. (b) The schematic of the normal plane and Z, b. (c) Carbon
paper structure obtained by this stochastic reconstruction method.

Based on Equation (1), the corresponding values of u1, u; and u3 of the unit vector are determined.
The anisotropy of carbon paper is determined by the vector 1. The carbon fiber distributes along
this vector direction, so the fiber passes through the normal plane perpendicular to the direction
vector. When selecting the passing point or the reference point of carbon fiber, it should not be
selected in the whole construction space, but should be selected on the normal plane. Otherwise, the
distribution probability of fibers in space will be uneven. In addition, the next fixed normal plane
should be determined to facilitate point selection. Finally, the normal plane of the center of the volume
is selected as the reference normal plane, which also ensures that the section of the normal plane and
the construction volume is the largest. In this normal plane, a Cartesian coordinate system is also
needed to define one of the strip axes parallel to the xoy plane. It can be inferred that the two standard

5
orthogonal bases 4, b of this normal plane are:

iy ujus
2.2
NITEST: uytu,
- — - Upus
a= 2.2 b= \Judu? ®)
us+u3 174
_ 2 2
0 A /ul +u5

The schematic of @, b and the normal plane is shown in Figure 6b.

Anisotropy of the fiber in the thickness direction (through-plane) can be reflected by fiber pitch,
which is defined as the angle the fiber makes with the plane of the material (stochastic modeling of
polymer electrolyte membrane fuel cell gas diffusion layers, Part 1: Physical characterization). The
fiber pitch « and the polar angle 0 are related to each other, and the conversion formulas are shown
as follows:

0<%
0<n @

Figure 6c shows the carbon paper structure with the size of 80 x 80 x 40 and a prescribed porosity
of 0.84 obtained by this stochastic reconstruction method. The digital model can also be represented as
a three-dimensional array of 0 or 1 similar to the model obtained by X-ray CT technology (where 0
represents the pore and 1 represents the fiber entity). Figure 7 shows that the density distribution of
carbon fibers obtained by this method is more uniform than the method of randomly selecting points
and vectors.



Energies 2019, 12, 2808 90f13

(a) (b) (c) (d)

Figure 7. The density distribution of carbon fibers obtained by the method of this paper (a) and (b),
and the method of randomly selecting points and vectors (c) and (d).

4. Results and Discussion

4.1. Calculation of Fiber Pitch of GDL Obtained by X-ray CT

In [15], to get fiber pitch, the authors traced 30 easily identifiable fibers with lengths of 50-100 um
using the GDL images computed by a nanoscale computed tomography (nano-CT). Fiber pitch, a

(degrees), was calculated by:
a = sin"!(|Az|/L) ®)

where |Az| [um] is the absolute difference in the fiber center position, regarding the direction normal to
the material plane, and L [um] is the traced distance. The formula is further modified to:

Z1 —Z
« = arctan 121 ol (6)

(x1-x0)* + (y1 - vo)°

where (xo, Yo, 2z0) is the center coordinates of the initial position of the traced single fiber, (x1,y1,21) is
the center coordinates of the terminated position.

There are 30 single fiber tracings from the X-ray CT images of SGL-24BA 5 wt% PTFE. The fiber
pitch distribution is shown in Figure 8a. The mean fiber pitch of 24BA is 2.40° and individual values
are all less than 6°, which is similar to the results of TGP-H 090 reported in [15]. Compared to the
distribution of 30 fibers of TGP-H 090 in Figure 8b, 24BA has a more even pitch distribution.

9 9
8 8
7 7
[ w
26 56
3 8
= =
50 50
24 S84
: :
23 z3
2

N

001 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Fiber pitch (dearee) Fiber pitch (degree)

(@) (b)

Figure 8. Fiber pitch distribution of 30 fibers measured from (a) X-Ray CT image of SGL 24BA 5 wt%
PTFE; and (b) nano-CT image of Toray TGP-H 090 0 wt% PTFE.

4.2. Calculation Permeability of GDL Generated by the Stochastic Method

Permeability is a key parameter and it reflects the mass transport performance of porous media.
In order to investigate the influence of the fiber orientation angle on the permeability of carbon paper
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GDL, multiple sets of GDL with different ranges of fiber pitch were selected randomly and were
generated by the stochastic reconstruction method mentioned in Section 3 (shown in Figure 9a—f). The
ranges were 0°, 0°-15°, 0°-30°, 0°—45°, 0°-60°, 0°-75° and 0°-90°. The simulation experiment was
carried out six times under the same conditions to get more accurate results. The lattice unit was
80 x 80 x 40, where 40 represents the thickness (lattice unit) of the carbon paper structure. As shown in
Figure 9, as the range increases, the number of fibers that have a shorter length gradually increases,
which obviously change the permeability in the thickness direction.

(a) 0-15° (c) 0-45°

(d) 0-60° (e) 0-75° (f) 0-90°
Figure 9. The random reconstruction results of carbon paper GDL (a—f) under different fiber pitch ranges.

The calculation method of permeability based on the LBM, Navier-Stokes equation and Darcy’s
law was introduced in detail in our previous paper [14]. Figure 10a,b shows the permeability in
the through-plane direction and in-plane direction, respectively. We can see that permeability in the
thickness direction increases gradually as the range of the fiber pitch increases, while in the in-plane
direction, the value of permeability initially increases slowly. When the fiber pitch angle is in the range
of 0-60°, the in-plane permeability reaches a maximum value. Then, as the range of the fiber pitch
increases, it slowly decreases. Considering that the material transfer in carbon paper is mainly in
the thickness direction, here we chiefly focus on the influence of the fiber pitch on the through-plane
permeability. The value of the through-plane permeability is as high as possible for transport properties,
but it is difficult to achieve a range of 0-90° in the fiber pitch due to the limitations of the actual
production process of carbon paper GDL. The actual value of the range reported in Section 4.1 also
confirms this point. Moreover, whether other properties (such as thermal conduction, electricity
conductivity, etc.) are also in an optimal state in the range of 0-90° remains to be discussed further.

Overall, we can conclude that: (1) The mean fiber pitch of SGL-24BA is 2.40° and individual
values are all less than 6°; and (2) The permeability in the thickness direction gradually increases as the
range of the fiber pitch increases. This means that in the process of actually preparing the carbon paper
GDL, the transport performance can be further improved by increasing the range of the fiber pitch in
the thickness direction as much as possible.
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Figure 10. Trend chart of the permeability of GDL with different fiber pitch range, (a) through-plane
permeability, and (b) in-plane permeability.

5. Conclusions

This paper discussed the influence of the fiber orientation (fiber pitch) of carbon paper GDL on

stochastic reconstruction and permeability using X-ray CT, the stochastic method and LBM simulation.
From this paper, the following conclusions can be drawn:

1.

Reconstruction of the true GDL by X-ray CT—through image acquisition, image processing and
3D reconstruction, the true GDL models of SGL-24BA were obtained. Then it was used to measure
the fiber pitch. The results show that the mean fiber pitch of SGL-24BA is 2.40° and individual
values are all less than 6°.

Reconstruction of the virtual GDL by the stochastic method—Dby generating a number of fibers
randomly and storing them in a 3D binary image with given voxels, the virtual GDL was obtained
for flow simulation. Moreover, the method was improved to obtain a uniform density distribution
of carbon fibers.

Calculating the permeability of different GDLs with seven pitch ranges—seven different ranges
of fiber pitch were randomly chosen to reconstruct GDL and the permeability of these digital
models were calculated using the LBM to get a better fiber pitch range for optimal permeability.
It was concluded that the permeability in the thickness direction gradually increases as the range
of the fiber pitch increases. This means that the transport performance can be further improved
by increasing the range of the fiber pitch in the thickness direction as much as possible in the
process of actually preparing the carbon paper GDL.
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